Kawai Y, Yokoyama Y, Kaidoh M, Ohhashi T. Shear stressinduced ATP-mediated endothelial constitutive nitric oxide synthase expression in human lymphatic endothelial cells. To clarify the roles of lymphatic endothelial cells (LEC) in the regulation of endothelial constitutive nitric oxide synthase (ecNOS) expression, we examined the effects of shear stress on ecNOS immunohistochemical staining and mRNA and protein expression in human LEC as well as on ATP release from these cells. Shear stress at 0.5 or 1.0 dyn/cm 2 increased ecNOS immunohistochemical staining and ecNOS mRNA and protein expression in cultured LEC. The same strength of shear stress produced a significant release of ATP from the LEC. Exogenous ATP ranging in concentration from 10 Ϫ9 to 10 Ϫ6 M produced a significant increase in ecNOS immunohistochemical expression in a dose-dependent manner. The increase in ecNOS expression mediated by 10 Ϫ6 M ATP was significantly reduced by 10 Ϫ5 M suramin. Suramin (10 Ϫ5 M) caused a significant reduction in the shear stress-mediated increases in ecNOS immunohistochemical staining and mRNA expression. The shear stress-mediated increases in ecNOS expression were significantly reduced by 3 mM tetraethylammonium, 10 Ϫ4 M apamin, 10 Ϫ9 M iberiotoxin, 10 Ϫ5 M 2-aminoethoxydephenyl borate, or 10 Ϫ5 M xestospongin C, but not 10 Ϫ5 M glybenclamide or 10 Ϫ5 M nifedipine. The shear stress-mediated increases in ecNOS expression were significantly potentiated by pinacidil or NS1619 in a dose-dependent manner. The immunohistochemical expression of small-(SK Ca) and big-conductance (BK Ca) Ca 2ϩ -activated K ϩ channels was confirmed on the surfaces of human LEC. These findings suggest that shear stress produces a significant release of ATP from LEC, which activates the purinergic P2X/2Y receptor, thereby facilitating ecNOS mRNA and protein expression through inositol 1,4,5-trisphosphatemediated release of intracellular Ca 2ϩ ions and the activation of Ca 2ϩ -activated K ϩ channels in LEC. lymph flow rate; Ca 2ϩ -activated K ϩ channel; mRNA; 2-aminoethoxydephenyl borate; xestospongin C; apamin; iberiotoxin; pinacidil
RECENTLY, WE DEMONSTRATED that lymphatic endothelium-derived nitric oxide (NO) (18, 21) causes a relaxation of the lymphatic smooth muscles in isolated canine thoracic ducts (20) , negative inotropic and chronotropic effects on the spontaneous contractions of isolated bovine mesenteric lymphatics (38) , and inhibitory effects on the lymphatic pump activity of rat mesenteries in vivo (29) . In addition, we have shown that lymph flow stimulation produces and releases endogenous NO in the lymphatic endothelial cells (LEC) of canine thoracic ducts (30) .
On the other hand, it is known that exercise training enhances endothelium-dependent vasodilation (32) and the expression of endothelial constitutive NO synthase (ecNOS) mRNA in dogs (27) . Exposure of aortic and arterial endothelial cells to shear stress increases ecNOS mRNA and protein expression (17, 33) . However, the mechanisms behind shear stress-induced expression of ecNOS mRNA and protein in the blood and lymph vessels remain unclear.
Yamamoto and colleagues (35) (36) (37) have also demonstrated that shear stress-dependent ATP release occurs in human pulmonary arterial endothelial cells when they are exposed to blood flow. However, the exact relationship between the shear stress-induced ecNOS expression and the shear stress-dependent ATP release in the blood and lymph vessels is still unknown.
Therefore, to clarify the relationship between shear stressinduced ecNOS expression and shear stress-dependent ATP release, we examined the characteristics of shear stress-induced ecNOS immunohistochemical staining and mRNA and protein expression in human LEC. In addition, we sought to determine the time course of ecNOS expression and whether the degree of the increase in expression was dependent on the strength of the shear stress applied. Additional studies were designed to determine whether acute exposure to shear stress also enhanced the release of ATP from human LEC. Finally, we performed studies to evaluate the mechanisms involved in shear stress-mediated ecNOS immunohistochemical staining and mRNA and protein expression as well as shear stressdependent ATP release in human LEC.
MATERIALS AND METHODS
Cell culture. The isolation and culture of human LEC were performed according to the technique of Kawai and colleagues (11, 13) using the nearest afferent lymph vessels to the sentinel lymph node in patients with breast cancer. The experiments with human LEC were approved by the ethical committee for human studies of the School of Medicine, Shinshu University. All subjects were informed of the risks and purposes of the study before their written consent was obtained. Human LEC were maintained in endothelial growth medium (EGM)-2 with 10% fetal bovine serum (FBS) and used at the fifth to ninth passages.
To evaluate the antibody specificity controls used for the immunohistochemical and Western blot analyses, human fibroblasts and human umbilical vein endothelial cells (HUVEC) were purchased from Sanko Junyaku. The cells were maintained in fibroblast growth medium-2 and EGM-2, respectively, together with 10% FBS. The LEC were incubated under atmospheric conditions of 5% O 2, 5% CO 2, and 90% N2 at 37°C, whereas the human fibroblasts and HUVEC were incubated under normoxic conditions of 21% O 2, 5% CO 2, and 74% N2 at 37°C.
Flow loading experiments. A parallel plate-type apparatus was used to apply laminar shear stress to the human LEC using Yamamoto's method (35) with slight modifications. Briefly, one side of the flow chamber consisted of a 1% gelatin-coated glass plate, on which the cultured human LEC rested, and the other side consisted of a polycarbonate plate. These two surfaces were held 200 m apart with a Teflon gasket. The chamber contained an entrance and an exit for the fluid, and the entrance was connected to an upper reservoir with a silicone tube. The exit led to a lower reservoir. The flow of the fluid (37°C, EGM-2) was driven by a peristaltic pump with a flow rate controller. The intensity of the shear stress (, in dyn/cm 2 ) acting on the LEC layer was calculated using the formula ϭ 6 Q/a 2 b, where is the viscosity of the perfusate (poise), Q is the flow volume (in ml/s), and a and b are the cross-sectional dimensions of the flow path (in cm).
ATP assay. The ATP concentrations in the supernatants of the human LEC culture media were determined using a luciferin-luciferase assay based on the Cell Titer-Glo Luminescent Cell Viability Assay (Promega) as described previously (12) . Briefly, to develop a calibration curve for ATP measurement, we first established the same luciferin-luciferase assay using culture media containing several concentrations of ATP. Next, 100 l of the supernatant of flow-stimulated human LEC were collected in a 96-well plate, into which 100 l of luciferin-luciferase solution had been added, and light emission was recorded using a luminometer (Dainippon Sumitomo Pharma). Thus, we calculated the concentrations of ATP in the supernatants of the culture media of flow-stimulated human LEC using the calibration curve for ATP measurement.
Immunohistochemistry. Immunohistochemistry was performed on cultured human LEC. In brief, the LEC were fixed in 4% paraformaldehyde in phosphate-buffered saline solution (PBS) for 20 min at room temperature, before being permeabilized with 0.1% Triton X-100. In some experiments for the immunohistochemical staining of the small-(SK Ca) and big-conductance (BKCa) subtypes of Ca 2ϩactivated K ϩ channels, the cultured LEC were not permeabilized. Next, the cells were washed three times with PBS and then incubated overnight at 4°C in primary polyclonal human antisera to ecNOS (dilution 10 g/ml, R&D Systems) or to small-(KCNN3, dilution 10 g/ml, LifeSpan BioSciences) and big-conductance (KCNMA1, dilution 10 g/ml, Alomone Labs) Ca 2ϩ -activated K ϩ channels. After being washed three times in PBS, the cells were incubated for 1 h at room temperature with 1:100 diluted Alexa Fluor 488 donkey antigoat IgG (Invitrogen). Next, the nuclei of the cultured cells were counterstained and mounted with ProLong Gold antifade reagent and 4=-6-diamidino-2-phenylindole (DAPI) (Molecular Probes), examined with a fluorescent microscope (Leica), and photographed.
To quantitatively evaluate the expression of ecNOS in the human LEC, high-resolution digital photomicrographs were processed using Scion image analysis program. The constant area of each of the LEC was outlined on a gray scale image and processed for density measurement. The results are expressed in arbitrary units (mean density per pixel), and the data are shown as means Ϯ SE (n ϭ 5).
Quantitative RT-PCR. The expression of ecNOS mRNA was evaluated by the quantitative RT-PCR for ecNOS cDNA. Total RNA was extracted from the cultured human LEC using the Isogen reagent (Nippon Gene, Toyama, Japan), according to the manufacturer's instructions. The concentrations of each RNA were calculated using absorbance at 260 nm with a spectrophotometer. The extracted RNA was reverse-transcribed with M-MLV reverse transcriptase (Ambion, Austin, TX). For RT-PCR analysis, each superscript first-strand synthesis kit (Invitrogen) was used with 1.0 g of total RNA. The following forward and reverse primers for ecNOS and cyclophilin A were used for each specific probe: ecNOS (Takara, Kyoto, Japan) and cyclophilin A: 5=-TTCGTGCTCTGAGCACTGGAG-3= (forward) and 5=-GGACCCGTATGCTTTAGGATGAAG-3= (reverse). The cDNA was diluted fivefold before PCR amplification. Quantitative RT-PCR was performed using a Light Cycler rapid thermal cycler system (Roche Diagnostics, Burgess Hill, UK). Reactions were performed in a 20-l volume with 0.5 M primers, Taq DNA polymerase, and the buffer included in the SYBR Premix Ex Taq (Takara). The PCR protocol included a 10-s denaturation step followed by 45 cycles of denaturation for 5 s at 95°C and annealing for 20 s at 60°C. The fluorescent product was detected at the end of the 60°C extension period.
Negative controls including the PCR reactions products from each primer pair were subjected to melting curve analysis. Data were analyzed with Light Cycler analysis software. The results are presented as the ratio of the expression of ecNOS mRNA to that of cyclophilin A.
Western blot analysis. Western blot analysis was performed to quantitatively evaluate shear stress-mediated ecNOS protein expression in cultured human LEC. The cells were dissolved in M-PER Mammalian Protein Extraction Reagent (Thermo Scientific, Rockford, IL) and then centrifuged at 14,000 g for 10 min. A 15-g sample of total cell lysate was dissolved in SDS sample buffer for SDS-PAGE and transferred to a polyvinylidene difluoride membrane (Atto, Tokyo, Japan), where it was incubated for 45 min. The membrane was then probed with anti-ecNOS antiserum (dilution 1:1,000, Cell Signaling Technology, Danvers, MA) and incubated with anti-rabbit IgG horseradish peroxidase-conjugated antibody. The same membrane was reprobed with monoclonal anti-actin antibody (Santa Cruz Biotechnology, Santa Cruz, CA) and then visualized with an enhanced chemiluminescence-Western blotting detection system (Amersham Biosciences, Cambridge, UK).
Drugs. All salts were obtained from Wako (Tokyo, Japan): ATP, suramin, tetraethylammonium (TEA), pinacidil, 1-(2=-hydroxy-5=-trifluoromethylphenyl)-5-trifluoromethyl-2(3H) benzimidazolone (NS1619), glybenclamide, iberiotoxin, apamin, nifedipine, 2-aminoethoxydephenyl borate (2-APB), and xestospongin C were purchased from Sigma (St. Louis, MO). Pinacidil, glybenclamide, and xestospongin C were diluted with DMSO, and NS1619 was diluted with ethanol. The concentrations of DMSO and ethanol used did not affect the biological viability of the culture cells. Drug concentrations are expressed as the final concentration in the culture plate.
Statistical analysis. All results are expressed as means Ϯ SE. Statistical significance was analyzed by Student's t-test for unpaired observations or by one-way ANOVA, followed by Duncan's post hoc test, as appropriate. P Ͻ 0.05 was considered statistically significant.
RESULTS

Effects of the strength of shear stress on ecNOS immunohistochemical staining and mRNA and protein expression in human LEC.
First, to evaluate the antibody specificity controls used for the immunohistochemical and Western blot analyses, we performed immunohistochemical staining of ecNOS and investigated ecNOS mRNA and protein expression in cultured HUVEC (positive control) and human fibroblasts (negative control). ecNOS was found to be significantly expressed in HUVEC but was not expressed in human fibroblasts.
To examine the effects of shear stress strength on ecNOS immunohistochemical staining and ecNOS mRNA and protein expression, 2-h stimulation of cultured human LEC with one of three levels of shear stress (0.25, 0.5, or 1.0 dyn/cm 2 ) was performed. Figure 1A shows representative photomicrographs of shear stress-induced ecNOS expression in human LEC. Two-hour stimulation with a shear stress of 0.5 or 1.0 dyn/cm 2 significantly increased ecNOS immunohistochemical expression in human LEC. The results are summarized in Fig. 1B .
The ecNOS mRNA expression in human LEC was also significantly increased in response to 2-h stimulation with a shear stress of 0.5 or 1.0 dyn/cm 2 . Thus, the ratio of ecNOS signals to cyclophilin A signals was calculated after 2-h stimulation with a shear stress of 0.25, 0.5, or 1.0 dyn/cm 2 in Fig. 1C . Figure 1D shows representative shear stress-induced ecNOS protein expression in human LEC. The increase in ecNOS protein expression was dependent on the strength of the shear stress applied (lane 1, control; lane 2, 0.25 dyn/cm 2 ; lane 3, 0.5 dyn/cm 2 ; lane 4, 1.0 dyn/cm 2 ). The data are summarized as the ratio of ecNOS signals to actin signals ( Fig. 1E ). Two-hour stimulation with shear stress at 0.5 (column 3) and 1.0 (column 4) dyn/cm 2 significantly increased ecNOS protein expression to 2.1 Ϯ 0.1 (n ϭ 5) and 2.9 Ϯ 0.2 (n ϭ 5), respectively [P Ͻ 0.01 vs. control, 1.0 Ϯ 0.1 (n ϭ 5)].
Effects of shear stress stimulation time on ecNOS immunohistochemical staining and mRNA and protein expression in human LEC. We found that a shear stress of 1.0 dyn/cm 2 significantly increased ecNOS immunohistochemical staining and mRNA and protein expression in human LEC. In the present experiments, ecNOS expression was measured at different time points up to 4 h after the stimulation of shear stress. We confirmed that similar increases in ecNOS mRNA and protein expression occurred in human LEC after as little as 1-h stimulation with a shear stress of 1.0 dyn/cm 2 (Fig. 2 , C-E). Figure 2A shows representative photomicrographs of shear stress-induced ecNOS immunohistochemical expression in human LEC. Two-hour and four-hour stimulation with a shear stress of 1.0 dyn/cm 2 significantly increased ecNOS immunohistochemical expression in human LEC (Fig. 2B) .
The ecNOS mRNA expression in human LEC was significantly increased by stimulation for between 1 and 4 h ( Fig. 2C ). Exogenous ATP induces ecNOS immunohistochemical and mRNA expression in human LEC. To evaluate the hypothesis that shear stress stimulates the secretion of ATP from human The ordinate denotes the normalized value of the density calculated by mean density/pixel (n ϭ 5). NS, not significant. *P Ͻ 0.05 and **P Ͻ 0.01, significantly different from the no-stimulation (control)-mediated response (column 1). C: summary of the effects of shear stress strength on ecNOS mRNA expression in human LEC, as evaluated by RT-PCR. Each number on the abscissa corresponds to the item with the same number shown in A. The ordinate shows the ratio of ecNOS signals to cyclophilin A signals (n ϭ 4). **P Ͻ 0.01, significantly different from the no-stimulation (negative control)-mediated response (column 1). D: representative tracings of the three levels of shear stress-induced ecNOS protein expression in human LEC, as evaluated by Western blot analysis. Each number on the abscissa refers to the item with the same number shown in A. E: ecNOS protein expression normalized to the ratio of ecNOS signals to actin signals (n ϭ 5). Each number on the abscissa refers the item with the same number shown in A. **P Ͻ 0.01, significantly different from the no-stimulation (negative control)-mediated response (column 1).
LEC, which may increase shear stress-induced ecNOS expression in these cells, we first measured the concentration of ATP in a shear stress-loaded cultured human LEC supernatant. The data are summarized in Figure 3A . Two-hour stimulation with a shear stress of 0.5 or 1.0 dyn/cm 2 produced a significant increase in the concentration of ATP secreted into the supernatant.
Two-hour-stimulation of human LEC with exogenous ATP at concentrations ranging from 10 Ϫ9 M to 10 Ϫ6 M caused dose-dependent increases in ecNOS immunohistochemical expression in the cells (Fig. 3, B and C) , and 10 Ϫ8 M ATP produced a significant increase in ecNOS immunohistochemical expression in human LEC. In contrast, treatment with 10 Ϫ5 M suramin (a purinergic P2X/2Y antagonist) produced a significant reduction in 10 Ϫ6 M ATP-induced ecNOS immunohistochemical expression in human LEC (Fig. 3, B and C) .
The same concentration of ATP (10 Ϫ6 M) caused a significant increase in ecNOS mRNA expression in human LEC ( Fig. 3D ). Treatment with 10 Ϫ5 M suramin produced a significant reduction in the ATP-mediated ecNOS mRNA expression in human LEC (Fig. 3D) .
Effects of suramin and/or ATP on shear stress-induced ecNOS expression in human LEC. We next examined the effects of suramin and/or exogenous ATP on shear stressinduced ecNOS immunohistochemical and mRNA expression in human LEC. Figure 4A shows a summary of the effects of suramin and/or ATP on shear stress-induced ecNOS immunohistochemical expression in human LEC. Two-hour stimulation with a shear stress of 1.0 dyn/cm 2 significantly increased ecNOS immunohistochemical expression in the LEC (Fig. 4A, column 1) in a similar manner to the results shown in Fig. 1A , photomicrograph 4 and Fig. 2A, photomicrograph 3 . Treatment with 10 Ϫ5 M suramin caused a significant reduction in the shear stressmediated increase in ecNOS immunohistochemical expression ( Fig. 4A, column 2) . On the other hand, treatment with 10 Ϫ6 M Fig. 1C (n ϭ 4) . **P Ͻ 0.01, significantly different from the no-stimulation (control)-mediated response (column 1). D: representative tracings of the shear stress stimulation-induced ecNOS protein expression in human LEC after shear stress application for various times, as evaluated by Western blot analysis. Each number on the abscissa refers to the item with the same number shown in A. E: summary of ecNOS protein expression normalized to the ratio of ecNOS signals to actin signals (n ϭ 5). Each number on the abscissa refers to the item with the same number shown in A. *P Ͻ 0.05 and **P Ͻ 0.01, significantly different from the no-stimulation (control)-mediated response (column 1).
ATP, but not 10 Ϫ8 M ATP, produced a significant potentiation of the shear stress-mediated increase in ecNOS immunohistochemical expression ( Fig. 4A, column 4) , and 10 Ϫ8 M ATP caused no potentiation of the shear stress-mediated increase in ecNOS expression. Simultaneous treatment with 10 Ϫ5 M suramin and 10 Ϫ6 M ATP caused a significant reduction in the ATP-mediated potentiation of shear-stress-induced increases in ecNOS immunohistochemical expression ( Fig. 4A, column 5) .
To quantitatively evaluate the effects of suramin and/or ATP on the shear stress-induced increase in ecNOS mRNA expression in human LEC, we showed the relative changes in ecNOS mRNA expression as the ratio of the ecNOS mRNA expression observed under shear stress-stimulation to that observed with-out stimulation. The data concerning the relative changes in the shear stress-mediated increase in ecNOS mRNA expression are summarized in Fig. 4B . Similar data regarding the effects of suramin and/or ATP on the shear stress-mediated increase in ecNOS mRNA expression in human LEC were also confirmed.
Effects of K ϩ channel blockers and openers on the shear stress-mediated increase in ecNOS expression in human LEC.
To evaluate the involvement of the activation of K ϩ channels in the shear stress-mediated increase in ecNOS expression in human LEC, we examined the effects of 0.3 and 3 mM TEA (a nonselective K ϩ channel blocker), 10 Ϫ6 and 10 Ϫ5 M glybenclamide (a selective ATP-dependent K ϩ channel blocker), 10 Ϫ5 and 10 Ϫ4 M apamin (a selective SK Ca channel blocker), Figure 5A shows a summary of the data regarding the effects of K ϩ channel blockers and openers on the relative changes in the shear stress-mediated increase in ecNOS mRNA expression in human LEC. Treatment with TEA produced a dose-dependent reduction in the shear stress (1.0 dyn/cm 2 , 2-h stimulation)mediated increase in ecNOS mRNA expression in human LEC. Treatment with apamin or iberiotoxin also caused a dosedependent reduction in the shear stress-mediated increase in ecNOS mRNA expression. In contrast, treatment with NS1619 or pinacidil produced a dose-dependent potentiation of the shear stress-mediated increase in ecNOS mRNA expression. However, treatment with glybenclamide had no significant effect on the shear stress-mediated increase in ecNOS mRNA expression.
Similar data regarding the effects of K ϩ channel blockers and openers on the shear stress-mediated increase in ecNOS immunohistochemical staining in human LEC were confirmed (data not shown).
Effects of 2-APB, xestospongin C, and nifedipine on the shear stress-mediated increase in ecNOS expression in human LEC. Finally, to evaluate the involvement of the activation of Ca 2ϩ channels in the shear stress-mediated increase in ecNOS expression in human LEC, we examined the effects of 10 Ϫ6 and 10 Ϫ5 M 2-APB [an inositol 1,4,5-trisphosphate (1,4,5-IP 3 ) receptor antagonist], 10 Ϫ6 and 10 Ϫ5 M xestospongin C (a selective 1,4,5-IP 3 receptor antagonist), and 10 Ϫ6 and 10 Ϫ5 M nifedipine (a slow inward current Ca 2ϩ antagonist) on the increase in ecNOS mRNA expression in human LEC produced by 2-h stimulation with a shear stress of 1.0 dyn/cm 2 . Figure 5B shows a summary of the data regarding the effects of 2-APB, xestospongin C, and nifedipine on the relative changes in the shear stress-mediated increase in ecNOS mRNA expression in human LEC. Treatment with 2-APB or xestospongin C caused a dose-dependent reduction in the shear stress (1.0 dyn/cm 2 , 2-h stimulation)-mediated increase in ecNOS mRNA expression in human LEC. In contrast, treatment with nifedipine had no signif-icant effect on the shear stress-mediated increase in ecNOS mRNA expression in human LEC.
Similar data regarding the effects of 2-APB, xestospongin C, and nifedipine on the shear stress-mediated increase in ecNOS immunohistochemical staining in human LEC were confirmed (data not shown).
Immunohistochemical staining of the small-(SK Ca ) and big-conductance (BK Ca ) Ca 2ϩ -activated K ϩ channels in human LEC. To confirm the existence of SK Ca and BK Ca subtypes of Ca 2ϩ -activated K ϩ channels in human LEC, we immunohistochemically studied the localization and distribution of both subtypes of K ϩ channels in the cultured cells. Figure 6 shows representative photomicrographs of immunohistochemical staining of SK Ca and BK Ca subtypes of Ca 2ϩactivated K ϩ channels on the surfaces of nonpermeabilized human LEC. As shown in the high-resolution photomicrographs ( Fig. 6, right) , high-density distributions of SK Ca and BK Ca Ca 2ϩ -activated K ϩ channels were observed on the surfaces of the cultured human LEC.
DISCUSSION
Shear stress-induced ecNOS expression in human LEC. It is well known that the vascular endothelial cells (EC) that line blood vessels are constantly exposed to shear stress, a mechanical force generated by the flow of blood. These EC recognize shear stress and transmit a signal into their interior, where it triggers cell responses involving changes in a variety of cell functions (2, 3, 5, 8 -10, 25) . For example, in response to shear stress, EC increase the production and release of NO through activation of Ca 2ϩ -and calmodulin-dependent signal transduction pathways (15) , and Ca 2ϩ -dependent ecNOS activity-mediated vasodilation occurs within a few hundredths of a second. The amount of NO released from endothelial cells is known to be proportional to the increase in shear stress loaded on the cells up to ϳ4.0 dyn/cm 2 in the arteries and veins (7) . In contrast, in lymphatic endothelial cells, the amount of NO released seems to depend on changes in shear stress up to ϳ2.0 dyn/cm 2 (30) .
On the other hand, many of the alterations to functions induced by shear stress are accompanied by changes in the expression of related genes (1) . For example, shear stress upregulates the gene for ecNOS in the vascular endothelium (19) , and 3-h stimulation with shear stress (1.2-3.0 dyn/cm 2 ) resulted in a two-to threefold increase in ecNOS mRNA content in cultured bovine aortic endothelial cells (31) . However, the mode of action of shear stress-mediated ecNOS expression remains unknown in lymph vessels. Therefore, in the present study, we attempted to examine the effects of shear stress on ecNOS expression in human LEC.
Using the data obtained in the present study, we concluded that shear stress stimulation at 0.5 or 1.0 dyn/cm 2 facilitated ecNOS mRNA and protein expression through 1,4,5-IP 3 -mediated release of intracellular Ca 2ϩ ions and activation of the SK Ca and BK Ca subtypes of Ca 2ϩ -activated K ϩ channels in human LEC. This conclusion is strongly supported by the pharmacological evidence; i.e., the concentrations of pharmacological agonists and antagonists used in the present study suggest the involvement of the SK Ca and BK Ca subtypes of Ca 2ϩ -activated K ϩ channels and 1,4,5-IP 3 receptors in shear stress-mediated increases in ecNOS expression in human LEC. Apamin (10 Ϫ4 M) and 10 Ϫ9 M iberiotoxin are selective SK Ca and BK Ca Ca 2ϩ -activated K ϩ channel blockers (6, 14, 28) in lymph vessels and cultured endothelial cells, respectively. NS1619 (10 Ϫ5 M) is a selective opener of BK Ca Ca 2ϩ -activated K ϩ channels (23, 26) , and 10 Ϫ5 M 2-APB and 10 Ϫ5 M xestospongin C are 1,4,5-IP 3 receptor antagonists (16, 24, 34) .
In addition, our conclusion agrees with several previous experimental findings. Increases in endothelial shear stress open K ϩ channels (22) , and pharmacological inhibitors of endothelial cell K ϩ channels inhibit shear stress-mediated increases in intracellular calcium (4) . The ecNOS mRNA expression in vascular endothelial cells is regulated by K ϩ channel opening, but not by the activation of protein kinase C (31). This conclusion also agrees with the present immunohistochemical experimental finding that the SK Ca and BK Ca subtypes of Ca 2ϩ -activated K ϩ channels were present at high densities on the surfaces of cultured human LEC (Fig. 6 ).
However, no electrophysiological study has confirmed the existence of SK Ca and BK Ca on the surfaces of lymphatic endothelial cells. Further investigation is needed to clarify the distribution and function of BK Ca and SK Ca on LEC. In addition, future studies are needed to evaluate how the inhibition of either channel blocks shear stress/ATP-induced ecNOS upregulation in human LEC.
On the other hand, the mechanism by which pinacidil produces a significant increase in shear stress-mediated ecNOS immunohistochemical staining and mRNA expression is still unknown. One possible mechanism may be related, in part, to pinacidil-mediated opening of the nonselective K ϩ channels on human LEC or pinacidil-induced hyperpolarization, which would unmask K ϩ -transfer mechanisms (28) . However, further investigation is needed to clarify the mode of action of pinacidil on the shear stress-mediated responses in human LEC.
Shear stress-induced ATP release in human LEC. Recently, Yamamoto and colleagues (35) (36) (37) reported that vascular endothelial cells released ATP in response to shear stress and that the released ATP modulated endothelial function through the activation of purinoceptors.
Using the data collected in the present study, we concluded that shear stress stimulation at 0.5 or 1.0 dyn/cm 2 produced a significant release of ATP from cultured human LEC, which activated the purinergic P2X/2Y receptor on the LEC, inducing ecNOS mRNA and protein expression in the cells. Thus, ATP may induce Ca 2ϩ release from intracellular Ca 2ϩ stores in endothelial cells through the stimulation of phospholipase C via GTP-binding protein and then generate 1,4,5-IP 3 , which triggers Ca 2ϩ release from intracellular Ca 2ϩ stores. This conclusion is strongly supported by the present experimental findings that exogenous ATP at concentrations in the nanomolar range, which are similar to those released from LEC due to shear stress stimulation at 0.5 or 1.0 dyn/cm 2 , produced a significant increase in ecNOS immunohistochemical staining in human LEC. Treatment with suramin, a purinergic P2X/2Y receptor antagonist, caused a significant reduction in the shear stress-and exogenous ATP-mediated increases in ecNOS expression in the LEC. In addition, our conclusions are compatible with the findings of Gosink and Forsberg (10), who found that ATP caused Ca 2ϩ release from intracellular Ca 2ϩ stores in endothelial cells through activation of P2Y1 and P2Y2 purinoceptors. The binding of extracellular ATP to these receptors stimulated phospholipase C via GTP-binding protein and then generated D-myo-1,4,5-IP 3 , which triggered Ca 2ϩ release from intracellular Ca 2ϩ stores. Therefore, taking the data obtained in the present study into consideration, we have created a schematic diagram that outlines the physiological roles of shear stress and ATP in the regulation of ecNOS expression in lymphatic endothelial cells ( Fig. 7) . Lymphatic endothelial cells release ATP in response to shear stress and genetically regulate the ecNOS content of LEC. Shear stress-mediated ATP-dependent ecNOS expression may play important roles in modulating the sensitivity of human LEC to changes in the lymph flow rate.
However, the molecular mechanisms of shear stress-induced release of ATP in human LEC remain unclear. Further investigation is necessary to evaluate the mechanisms of shear stress-mediated release of ATP in human LEC.
